The study of dynamic relationships between the atmospheric carbon dioxide and the Earth's global temperature in the current changing climate supported the notion that the trend in the global temperature followed the trend in the atmospheric CO2 before the climate hiatus that started in the beginning of the 21st century. During the hiatus period, the heat trapped by the atmospheric CO2 is going mostly to the ocean. 
Introduction
Carbon dioxide (CO 2 ) is the major greenhouse gas that absorbs and re-emits the outgoing long wave radiation causing an increase of the Earth's heat content. The change in the Earth's surface global temperature T is commonly considered to be driven by the increase of CO 2 . However, the situation is more complicated because the atmospheric concentration of CO 2 does not follow the rate of its industrial emissions [1] , see Figure 1 . The re-evaluation of the current global temperature trend [2] , indicates that in spite of the steadily growing trend in CO 2 there has been no trend in the global temperature during the last 17 years [3] . The atmospheric concentration (solid curve) and total emissions of CO 2 (dashed curve), which includes emissions from fossil-fuel combustion, cement production, and change of land-use emissions [2] . The trend in the growth rate of the atmospheric CO 2 (ppm/yr/yr) ends with the onset of the 21st century while the trend in the total CO 2 emission rate increases.
Considering the critical role of CO 2 and the Earth's temperature for climate change, it is imperative to investigate the relationship between them in more detail.
Paper [4] noting the inverse phase relationship between the trends of these two variables suggested that the temperature variations were not induced by changes in atmospheric CO 2 . However, it has been pointed out [5] that a differential method used in [4] removes the long-term trend in the CO 2 . The corrected analysis showed that the temperature trend followed the CO 2 trend. A more general approach to the problem of phase relationship between the global temperature and all climate forcings was taken in [6] to test whether the global temperature follows the CO 2 trends.
Less controversial were the analyses of the de-trended time series. References [4] and [7] analyzed the spectra of the CO 2 measured at Mauna Loa Observatory (MLO) and the cross-correlations between the CO 2 and global temperature and found that their Fourier spectra were similar to each other in the period range 2 -10 years, and that the global temperature oscillations were leading the CO 2 by about 7 -11 months. Three spectral lines (2.4 -2.5, 3.6 -3.8, and 8 -9 years) were found to be close to spectral lines observed in the global atmospheric momentum oscillations and the length of day variability associated with it [8] - [10] . These spectral analyses indicated a physical connection between the global temperature (T), CO 2 and El Niño-like variability.
Here we investigate the dynamical relationship between T and CO 2 using the global atmospheric CO 2 and methods of spectral analyses that allow us to separate the long-term trend from natural oscillations and quantify their phase differences.
The Global Atmospheric CO2 and Temperature Data
To characterize the atmospheric CO 2 over the Earth's globe we use the 2D distribution of zonally averaged atmospheric carbon dioxide mixing ratios from the NOAA ESRL Carbon Cycle Cooperative Global Air Sampling Network for 1979 to 2013 [11] . We use the monthly Earth's surface temperature from the global CRUTEM4 data set for the same time period developed by the Climatic Research Unit at University of East Anglia in conjunction with the Hadley Centre at the UK Met Office (http://www.cru.uea.ac.uk/cru/data/temperature/). Figure 2 shows the latitude-time distribution of the CO 2 . We see that as time progresses the atmospheric carbon dioxide tends to be more abundant in the Northern Hemisphere spreading around the globe within about a year. This diagram demonstrates not only an obvious fact that CO 2 is mostly released in the Northern Hemisphere but also a less trivial process of the CO 2 transport to the Southern Hemisphere and its timing. A similar distribution of the atmospheric carbon dioxide is found in the upper troposphere using satellite data [12] . The time series of the globally averaged atmospheric CO 2 and the global temperature anomaly are shown in Figure 3 presenting the original data (panel a) and de-trended data (panel b). It is clear that the temperature trend in the 21st century does not follow the rise of CO 2 although it had been close to the CO 2 trend during the previous 30 years. However the Ocean Heat Content for the global ocean follows the globally smoothed (trend) in CO 2 (panel c). The de-trended and annually smoothed data (panel b) indicate a more complicated behavior of the CO 2 and global temperature.
Phase Synchronization of Global Temperature and CO2
It is not easy to extract clear and qualitative information about the phase relationship between CO 2 and global temperature T directly from their time series shown in Figure 3 .
Modern dynamical system theories offer recurrence techniques allowing tracing the return of a variable to any of its values and comparing co-occurrences of such returns for two variables [13] . To investigate the relationship between the phases of our two variables (C = CO 2 and T) we apply the Recurrence-based Measure of Dependence (RMD) suggested and used in [6] ( )
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where τ is the time shift between C and T, n is the length of the time series, P(C i ) and P(T i ) are probabilities that the values of C and T return to the point C i and T i correspondingly. The joint probability P(C i , T i (τ )) captures co-occurring of the returns to C i and T i at the same time instant t = i. Figure 4 shows the Recurrence-based Measure of Dependence (RMD) for the original and de-trended data. We see that the global temperature follows and is strongly dependent on CO 2 for all time lags in the original data (upper curve) but the two variables are almost independent when the trends are taken out (lower curve). Now we investigate in detail the actual phase relationships between the de-trended CO 2 and T on all time scales by applying the wavelet coherence technique [14] allowing us to trace the phases of the two variables in time. Figure 5 shows that phase relationships on shorter time scales than annual time scale are chaotic, but there are statistically significant correlations on the annual time scale in 1986-2008. The directions of arrows indicate that CO 2 is in anti-phase with the temperature changes in this period. But the directions of the arrows reversed in the beginning (in 1979) and the end (after 2010) of the data sets when CO 2 and T were varying in phase. On longer time scale there was a significant correlation with CO 2 leading T in 1994-1998, which we believe is 
Conclusions
We confirm the previous findings [5] [6] that trend in the global Earth's temperature follows the trend in the atmospheric CO 2 before the period of the climate hiatus. However, we show that the trends are not in phase during the hiatus when the heat trapped by the atmospheric CO 2 goes mostly into the ocean. This is supported by comparison of the CO 2 trend with the trend in the ocean heat content.
We find that after the removal of the trend there are more complex phase relationships between these variables. The phase relationships are chaotic on shorter time scales than the annual time scale. On the annual time scale, the atmospheric CO 2 changed in anti-phase with the global temperature anomaly changes in the time period from 1986 to 2008 except for the end of it. This relationship was reversed in 1979 and after 2010 when CO 2 and T were changing in-phase. On the El Niño time scale (2.3 -7 years), the atmospheric CO 2 was in-phase with the global temperature changes except for the 1991-1999 time period, which included a very strong El Niño episodes, when the time scale was suddenly changed and CO 2 led the global temperature.
